###### Significance

Five-hundred ns of MD simulations of full-length wild-type Pin1 and C113A mutant were performed in order to elucidate why a mutation C113A drastically reduced the PPIase activity of Pin1. In the dynamics of wild-type protein, the phosphate binding loop (K63-S71) as well as the interdomain hinge showed the closed-open dynamics which correlated with the change of the hydrogen-bonding network of the dual-histidine motif. In contrast, in the dynamics of C113A mutant, the phosphate binding loop took only the closed conformation together with the interdomain hinge. Such closed-open dynamics must be essential for the PPIase activity of Pin1.

Peptidyl-prolyl isomerase (PPIase) catalyzes *cis/trans* isomerization of a peptide bond preceding a proline residue. Peptidyl-prolyl isomerase NIMA-interacting 1 (Pin1) is a member of the parvulin family of PPIases which specifically catalyze a sequence motif including a phosphoserine or a phosphothreonine followed by a proline (pS/pT-P) \[[@b1-16_452],[@b2-16_452]\]. Pin1 functions as a molecular switch in various cellular processes including regulation of mitosis \[[@b1-16_452],[@b3-16_452]\], cell growth \[[@b4-16_452]\], maintenance of germinal centers \[[@b5-16_452]\], and as a suppressor of neurofibrillary tangles in Alzheimer's disease \[[@b6-16_452]\]. Pin1 consists of two domains, the N-terminal WW domain and the C-terminal PPIase domain. Both domains bind to the common sequence motif, but their isomer-specificities are different from each other; the WW domain only binds to the *trans* isomer, while the PPIase domain preferentially binds the *cis* isomer, but can bind both the *cis* and *trans* isomers. Many experimental and theoretical analyses have elucidated the catalytic aspects of Pin1. In early studies, the complex structure formed between Pin 1 and a peptide A-P solved by X-ray crystallography suggested a nucleophile attack catalysis by C113 \[[@b3-16_452]\]. However, this was later denied by mutational studies on C113; the point mutations C113A, C113D and C113S reduced the PPIase activity of Pin1 by more than 130-fold but they failed to abolish the activity \[[@b3-16_452],[@b7-16_452]\]. Thereafter, the catalytic site was precisely estimated with a pS-P substrate analogue by nuclear magnetic resonance (NMR) experiments. The catalytic site consists of the substrate binding pocket (L60, L61, M130, Q131, I156, and I159) and the catalytic loop (K63-K80) including the phosphate binding loop (K63-S71) \[[@b8-16_452]\] ([Fig. 1](#f1-16_452){ref-type="fig"}). However, the importance of C113 was clarified by molecular dynamics (MD) simulations and NMR experiments; the protonation state of Sγ of C113 altered the hydrogen-bonding network of the dual-histidine motif (H59, H157) whose dynamics may affect substrate binding ability \[[@b9-16_452]--[@b11-16_452]\]. The mutations C113A, C113D and C113S also affected the hydrogen-bonding network of the motif \[[@b11-16_452]\]. However, it is still unclear why such changes in local dynamics alter the PPIase activity of Pin1 so drastically.

Therefore, in the present study, we performed long MD simulations of full-length wild-type Pin1 and the C113A mutant to elucidate why the substitution of Ala for C113 drastically reduced the PPIase activity of Pin1. The principal component analysis (PCA) of the MD trajectories showed that only wild-type protein had closed-open dynamics of the phosphate binding loop and the interdomain hinge which correlated with the change of the hydrogen-bonding network of the dual-histidine motif. In contrast, in the dynamics of the C113A mutant, the hydrogen-bonding networks of the motifs were fixed in a pattern where the motifs were stabilized in the closed state. Such closed-open dynamics must be essential for the PPIase activity of Pin1.

Materials and Methods
=====================

MD simulations
--------------

The structure of full-length Pin1 was determined by X-ray crystallography, after introducing five mutations G44E/G45N/K46L/N47Y/G48F in the linker region between the two domains, and expressing and purifying this protein \[[@b12-16_452]\]. The full-length C113A mutant was obtained by substituting a hydrogen for the sulfur Sγ of C113. Hydrogen atoms were created at pH 7. Proteins were immersed in a pre-equilibrated TIP3P water rectangular box \[[@b13-16_452]\], and overlapping water molecules were discarded. Minimum distances between proteins and box boundaries were set to 18 Å. Adequate numbers of sodium and chloride ions were replaced by water molecules to establish an electrically neutral system presenting an ionic strength of 150 mM. Simulations were performed under periodic boundary conditions using the Amber03 force field \[[@b14-16_452]\] for the protein. Each water molecule was treated as a rigid body using the SETTLE algorithm \[[@b15-16_452]\]. Protein chemical bonds were considered rigid using the LINCS algorithm \[[@b16-16_452]\]. The system was equilibrated using a constant number of atoms--constant volume (NVT) simulation followed by a constant number of atoms--constant pressure (NPT) simulation by applying restraints to the heavy atoms at initial reference positions. The initial velocity was randomly generated using a Maxwell--Boltzmann distribution. NVT simulations were conducted using the weak-coupling thermostat \[[@b17-16_452]\] at 310 K, and NPT simulations were performed by the Parrinello--Rahman method \[[@b18-16_452]\] at 1 bar and 310 K. Equations of motion were integrated by the leapfrog method. The time step length was set to 2 fs. Electrostatic interactions were calculated by the particle mesh Ewald method \[[@b19-16_452]\] with a grid spacing of 1.2 Å and a real space cutoff of 8 Å. The cutoff length was set to 8 Å for van der Waals interactions. After the equilibration was completed, 500 ns of simulations were conducted without any restraints. The last 470 ns of each trajectory was used for analysis. Trajectories were recorded every 10 ps for analysis. All MD simulations were conducted using the Gromacs 4.5.5 package \[[@b20-16_452]\].

Analysis of MD trajectories
---------------------------

### PCA

PCA is a linear dimensionality reduction technique that can be utilized for extracting information from a high-dimensional space by projecting it into a lower-dimensional sub-space. In the present study, we applied PCA to 47,000 snapshots for each of the wild-type and C113A trajectories. We also applied PCA to 94,000 snapshots, which is the sum of the wild-type and C113A trajectory snapshots, and directly compared both trajectories. We used Mathematica 11.3 (Wolfram Research) first, and then a newly developed program using the Biopython library \[[@b21-16_452]\].

### Criteria for grouping

The distribution of snapshots on the projection map of PCA was classified into groups using the following procedure:

1.  After drawing the density map (the grid size is 0.1 nm×0.1 nm), the grids with low density were excluded from grouping. In this study, grids with less than 4 snapshots were excluded.

2.  Some grids with the highest local density were selected on the density map (the grid size was 0.01 nm×0.01 nm). The number of grids equals the number of groups, with each grid representing the group. In this study, four grids were selected from each density map. Therefore, the number of groups was 4.

3.  A single snapshot with the lowest RMSD for the average structure of each grid was selected as the representative structure of a group.

4.  The boundary between two groups was located at the lowest density grid on the line connecting the two snapshots representing the groups, and also located on the line perpendicular to that line (see [Fig. 4c](#f4-16_452){ref-type="fig"} and [6c](#f6-16_452){ref-type="fig"}).

### Composite RMSD map

The composite RMSD map is a square map that shows which parts of a sequence of two snapshots taken from an MD trajectory change or maintain the conformation. The map size corresponds to the number of residues in the protein. In this study, Pin1 had 163 residues, so the map size is 163×163. The upper-left triangle of the square map gives the information about the backbone of the protein (Cα atoms), while the lower-right triangle of the map gives information about the whole residue (all heavy atoms). The coordinates on the map correspond to the amino acid residues, that is, the coordinates (i, j) mean the continuous part between the i^th^ residue and the j^th^ residue. The color of the coordinates (i, j) corresponds to the root-mean-square-deviation (RMSD) value for the continuous part between the i^th^ residue and the j^th^ residue. The lower the RMSD, the bluer the color, and the higher the RMSD, the more red. In this study, the RMSDs were calculated for 13366 (=~163~*C*~2~+~163~*C*~1~=163×162/2+163) different parts of the sequence.

### Judgements of the closed and open conformations

We judged whether the interdomain hinge and the phosphate binding loop of a snapshot exhibited the closed or open conformation by the following criteria. The distance between Cα atoms of S18 and G99 ([Supplementary Fig. S1a](#s1-16_452){ref-type="supplementary-material"}) was measured to determine whether the interdomain hinge conformation was closed or open. When calculating the distance of the entire trajectory, the distribution was clearly divided into two. The average value for long distances was 39.4 Å, but the average value for short distances was 29.7 Å. Therefore, when the distance was less than 36.0 Å, it was judged as closed conformation, and when it was not, it was judged as an open conformation. On the other hand, the distance between Cα atoms of R69 and C113 ([Supplementary Fig. S1b](#s1-16_452){ref-type="supplementary-material"}) was used to determine whether the phosphate binding loop's conformation was closed or open. When calculating the distance of the entire trajectory, the distribution was clearly divided into two. The average value for long distances was 15.2 Å, but the average value for short distances was 11.1 Å. Therefore, when the distance was less than 14.2 Å, it was judged as closed conformation, and when it was not, it was judged as open conformation. To exclude a simple "fluctuation", the averaged distance was applied to the actual calculations. An example of the actual judgement procedure was shown in [Supplementary Figure S2](#s1-16_452){ref-type="supplementary-material"}.

### Correlation coefficients between the flip-flop of H59 and the closed-open dynamics

We expressed the states of flip-flop of H59 and the states of the closed-open dynamics of the interdomain hinge and phosphate binding loop using three variables, *h*, *d*, *p*, respectively. If a hydrogen-bond between Nɛ of H59 and Oγ of S115 was observed in the *i^th^* snapshot, *h*(*i*) was set as −1, otherwise as 1. If the interdomain hinge of the *i^th^* snapshot exhibited a closed conformation, *d*(*i*) was set as −1, otherwise as 1. If the phosphate binding loop of the *i^th^* snapshot exhibited a closed conformation, *p*(*i*) was set as −1, otherwise as 1. Then, we calculated the correlation coefficient between the flip-flop of H59 and the closed-open dynamics of the interdomain hinge (*CC*(*h*, *d*)), the correlation coefficient between the flip-flop of H59 and the closed-open dynamics of the phosphate binding loop (*CC*(*h*, *p*)), and the correlation coefficient between the closed-open dynamics of the interdomain hinge and the phosphate binding loop (*CC*(*d*, *p*)).
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where *n* is the number of snapshots.

### Molecular graphics and graph plots

The molecular structure was drawn using the open source PyMOL molecular graphics system. The graphs were plotted using KaleidaGraph 4.5.2 (Synergy Software).

Results and Discussions
=======================

Initial structures
------------------

Although various MD simulations have previously been performed for Pin1, these studied only for the PPIase domain or were not applied for mutants of C113 \[[@b9-16_452],[@b22-16_452],[@b23-16_452]\]. There is no information to understand how the mutation C113A affects the overall molecular dynamics of Pin1. Therefore, we decided to use two structures for MD simulation: full-length Pin1 and its C113A mutant. However, when searching for the full-length Pin1 structure in the Protein Data Bank (PDB), no intact structure was found. Forty-one structures of full-length Pin1 have been registered in PDB, but several amino acid residues in the N-terminal region and the hinge region between the WW and PPIase domains, typically M1-E5 and N40-S44 (PDB ID: 1PIN) and sometimes M1-K6 and G39--G50 (PDB ID: 2Q5A), are missing for all the structures. In order to avoid an artifact, a full-length protein is required. To obtain the full-length structure of the protein, we stabilized the linker region by mutations of G44E/G45N/K46L/N47Y/G48F and then determined its crystal structure at 0.99 Å resolutions ([Fig. 1](#f1-16_452){ref-type="fig"}). In the final model, the coordinates of all heavy atoms for the whole residues of Pin1 were determined, showing that the structure was quite similar to the known wild-type structure (PDB ID: 1PIN): the RMSD between both structures was only 0.71 Å for 153 Cα atoms of the corresponding amino acid residues (6^th^--39^th^ and 45^th^--163^rd^) ([Fig. 1](#f1-16_452){ref-type="fig"}). In additional experiments, the functions of this mutant were shown to be equivalent to those of wild-type Pin1 \[[@b12-16_452]\]. Therefore, we dealt with this mutant protein as the wild-type protein in this study, and then obtained the C113A mutant by substituting a hydrogen for the sulfur Sγ of C113.

Dynamical aspects of each protein
---------------------------------

Molecular dynamics simulations for wild-type Pin1 and the C113A mutant were performed at 310 K in 150 mM NaCl for 500 ns. The last 470 ns of the trajectories ware used for analysis. Thus, 47,000 snapshots were collected for each trajectory, as the snapshots were sampled every 10 ps. At 30,010 ps (the first of the collected structures), the RMSDs from the crystal structure for the wild-type and C113A proteins were 1.63 and 1.78 Å for all Cα atoms, respectively, while the RMSD between the wild-type and C113A structures was 2.02 Å. These values suggested that the two proteins changed their structures to some extent from the original structure. [Figure 2](#f2-16_452){ref-type="fig"} shows the RMSD of each snapshot from the first structure; the averaged RMSDs for all Cα atoms were 3.86 and 2.93 Å for the wild-type and C113A trajectories, respectively. These RMSDs suggest that the wild-type protein fluctuated more than the C113A mutant.

To characterize the dynamics of the two proteins over the simulation time, we applied PCA to the trajectories. In the PCA for the trajectory of wild-type protein, the first, second and third modes contributed to the dynamics by 56.7, 8.9 and 5.8%, while each of the eleventh and subsequent modes only contributed only by less than 1.0% ([Fig. 3](#f3-16_452){ref-type="fig"}). The contribution of the first mode is 6.4 and 9.8 times larger than those of the second and third modes, respectively, suggesting that the first eigenvector extremely characterizes the dynamics of the wild-type protein. [Figure 4a](#f4-16_452){ref-type="fig"} shows the projection of the wild-type trajectory onto the first 2 eigenvectors. Porcupine plots of the first and second eigenvectors of PCA were shown in [Supplementary Figure S3a and b](#s1-16_452){ref-type="supplementary-material"}. We also calculated the density at each grid of the projection map to clearly recognize the distribution of snapshots ([Fig. 4b](#f4-16_452){ref-type="fig"}). In [Figure 4b](#f4-16_452){ref-type="fig"}, we found that the distribution of wild-type's snapshots was not uniform on this plane, but instead formed at least 4 locally densest regions suggesting local minima in the conformational free energy. Therefore, we selected one structure from each of the 4 densest grid as the representative structure of the local minimum; the snapshots of 49,380 ps, 148,880 ps, 255,100 ps, and 441,670 ps were selected for the first, second, third, and fourth minimum, respectively ([Fig. 4c & e](#f4-16_452){ref-type="fig"}). Then, we divided the distribution of snapshots into 4 groups as shown in [Figure 4c](#f4-16_452){ref-type="fig"}. [Figure 4d](#f4-16_452){ref-type="fig"} shows the transitions between the groups during 470 ns. The protein frequently jumped from one group to the other. The protein jumped mainly between the first and second groups up to 200 ns, and then jumped primarily between the third and fourth groups. This indicates that the free energy barrier between the first and second groups or between the third and fourth groups is very low. On the other hand, the free energy barrier between the first (and/or second) and the third (and/or fourth) groups is relatively large. In further analysis, four representative structures were compared with each other. First of all, the composite RMSD maps were applied to determine what parts of the sequence change or maintain the conformation when the protein jumped between the groups. [Figure 5](#f5-16_452){ref-type="fig"} clearly shows that the first and second groups had three common main-chain structures corresponding to segments M1-S42, S43-G50 and E51-E163. The orientations of the three segments differed between the groups although the differences were less than 2.00 Å of RMSDs for Cα atoms. Furthermore, the side-chain structure of R121 had a significantly different orientation. The first and third groups had four common main-chain structures corresponding to segments A2-S42, S43-G50, E51-Q66, and S71-E163. The orientations of the four segments differed between the groups, and the largest difference was observed between the regions of E51-Q66 and S71-E163; the averaged RMSD was more than 3.80 Å for Cα atoms. The structural similarity between the first and fourth groups was almost identical to that between the first and third groups. The second and third groups had three common main-chain structures corresponding to segments A2-G50, E51-Q66, and P70-E163. The orientations of the three segments differed between the groups, and the largest difference was observed between the regions of E51-Q66 and P70-E163; the averaged RMSD was more than 4.00 Å for Cα atoms. The structural similarity between the second and fourth groups was almost identical to that between the second and third groups. The structural difference between the third and fourth groups was very small, as expected from the above analyses. According to a more detailed analysis, the two groups had three common main-chain structures corresponding to segments A2-S67, R68-F125, and S126-E163. The orientations of the three segments differed between the groups although the differences were less than 2.00 Å of RMSDs for Cα atoms. Such small differences between the third and fourth groups presumably allowed the protein to move back and forth frequently between these groups.

In the PCA for the mutant C113A, the first, second and third modes contributed to the dynamics by 26.2, 14.2 and 9.2%, while each of the fifteenth and subsequent modes contributed by less than 1.0% ([Fig. 3](#f3-16_452){ref-type="fig"}). The contribution of the first mode was 1.8 and 2.8 times larger than those of the second and third modes, respectively, suggesting that the mutant C113A requires more eigenvectors to characterize its dynamics than wild-type Pin1. [Figure 6a](#f6-16_452){ref-type="fig"} shows the projection of the C113A trajectory onto the first 2 eigenvectors. Porcupine plots of the first and second eigenvectors of PCA were shown in [Supplementary Figure S3c and d](#s1-16_452){ref-type="supplementary-material"}. It was found that the distribution of the mutant snapshots was more isotropic on this plane than the distribution of wild-type protein as expected from its eigenvalues. We also calculated the density at each grid of the projection map to clearly recognize the distribution of snapshots ([Fig. 6b](#f6-16_452){ref-type="fig"}), suggesting that this distribution formed 4 locally densest regions. Therefore, we selected one structure from each of the 4 densest grid as the representative structure of the local minimum; the snapshots of 47,670 ps, 449,530 ps, 351,880 ps, and 343,660 ps were selected for the first, second, third, and fourth minimum, respectively ([Fig. 6c & e](#f6-16_452){ref-type="fig"}). Then, we divided the distribution of snapshots into 4 groups as shown in [Figure 6c](#f6-16_452){ref-type="fig"}. [Figure 6d](#f6-16_452){ref-type="fig"} shows the transitions between the groups during 470 ns. The protein stayed in the first group up to 58,340 ps, and then jumped to the second group. Subsequently, it frequently jumped from one group to the other. However, after 58,340 ps, it returned to the first group only 114 times. This indicates that the free energy barrier between the second, third and fourth groups is much lower than the free energy barrier between the three groups and the first group. In further analysis, we compared four representative structures with each other by calculating the above-mentioned composite RMSD maps ([Fig. 7](#f7-16_452){ref-type="fig"}). The first and second groups had two common main-chain structures corresponding to segments M1-S41 and G50-e163. The two segments, M1-S41 and G50-E163, correspond to the WW domain and PPIase domain, respectively, suggesting that each functional unit had a stable structure. The orientations of the two domains differed between the groups although the differences were less than 2.50 Å of RMSD for Cα atoms. The first and third groups had four common main-chain structures corresponding to segments A2-S42, S43-G50, E51-Q66, and S71-E163. The orientations of the four segments differed between the groups, and the largest difference was observed between the regions of E51-Q66 and S71-E163; the averaged RMSD was more than 3.80 Å for Cα atoms. The structural similarity between the first and fourth groups was almost identical to that between the first and third groups. On the other hand, the second, third and fourth groups were very similar. The averaged RMSDs for all Cα atoms were 1.46 Å between the three groups. Frequent jumps of the protein between the groups are presumed to be because of this structural similarity.

Dynamic differences between wild-type and C113A proteins
--------------------------------------------------------

To compare the structures of the wild-type and C113A trajectories, we calculated the composite RMSD maps between the representative structures of each trajectory ([Fig. 8](#f8-16_452){ref-type="fig"}). Each of the four groups of the wild-type trajectory showed maps with similar patterns for any of the four groups of the C113A trajectory. The structure of the first wild-type group was similar to the structures of the four C113A groups in the regions M1-S41 and G50-E163, suggesting that each of WW and PPIase domains has a common structure between both proteins although the orientations of the domains were different. The similarities between the structures of the second wild-type group and the four C113A groups were almost identical to the similarities between the first wild-type group and the four C113A groups. The structure of the second wild-type group was especially similar to the structure of the third C113A group.

In contrast, although each of the third and fourth wild-type groups very much differed from any of the four C113A groups, three common segments, A2-S42, E51-Q66, and S71-E163 were detected between the groups. The region between the segments A2-S42 and E51-Q66 is located at the hinge between the WW and PPIase domains, while the region between the segments E51-Q66 and S71-E163 overlaps with the phosphate binding loop (K63-S71). The most different position was located in the hinge region between the WW and PPIase domains. The difference in the phosphate binding loop was relatively small but not negligible. Even including the mutational residue C113A, the region S71-E163 had a common structure.

In summary, the composite RMSD maps between wild-type and C113A groups suggest that, (1) structural differences between the C113A groups were less than 2.00 Å of RMSD, (2) the first and second groups of wild-type were relatively similar to the C113A groups (less than 2.00 Å of RMSD), and (3) the third and fourth groups of wild-type were very different from the C113A groups (more than 4.00 Å of RMSD).

The scale of the distribution of snapshots of the wild-type and C113A trajectories was very different. Therefore, we directly compared the wild-type and C113A trajectories by applying PCA to 94,000 snapshots totaled from both the wild-type and C113A proteins. [Figure 9a](#f9-16_452){ref-type="fig"} shows the projection of the total snapshots onto the first 2 eigenvectors. Porcupine plots of the first and second eigenvectors of PCA were shown in [Supplementary Figure S3e and f](#s1-16_452){ref-type="supplementary-material"}. Although the distributions of each of the wild-type and C113A snapshots became less scattered than each distribution shown in [Figure 4](#f4-16_452){ref-type="fig"} and [6](#f6-16_452){ref-type="fig"}, it clearly showed that the distribution of C113A snapshots overlaps with one of the two distributions of wild-type snapshots. When placing the representative snapshots of the groups determined in [Figure 4c](#f4-16_452){ref-type="fig"} and [6c](#f6-16_452){ref-type="fig"} on this projection map, we confirmed that all the groups of C113A overlapped with the first and second groups of the wild-type. This indicates that the mutation C113A restricted the dynamics of the protein to the space corresponding to the first and second groups of the wild-type. Furthermore, in order to investigate the orientations between the common segments A2-S42, E51-Q66, and S71-E163, we applied PCA to the sequences M1-Q66 and E51-E163 ([Fig. 9b and 9c](#f9-16_452){ref-type="fig"}). As well as [Figure 9a](#f9-16_452){ref-type="fig"}, the first and second groups of the wild-type made one group together with all the four groups of C113A, while the third and fourth groups of the wild-type made another group. This suggests that the dynamics of the interdomain hinge and phosphate binding loop are strongly correlated.

[Figure 10a](#f10-16_452){ref-type="fig"} show a superposition of the eight segments corresponding to the sequences M1-Q66 of the representative structures of wild-type and C113A groups. The β-strand 4 (R56-K63) exhibited two orientations for the WW domain. Here, we call the conformation corresponding to the third and fourth groups of wild-type the open conformation, and another conformation as the closed conformation. Each of the conformations was stabilized by a specific hydrogen-bonding network. In the closed conformation, hydrogen bonding between T29(O)-G148(N), T152(Oγ)-H157(Nδ), H157(Nɛ)-H59(Nδ) and H59(Nɛ)-S115(Oγ) stabilized the orientation of WW domain ([Fig. 10b](#f10-16_452){ref-type="fig"}). The two residues G148 and T152 are both located on β-strand 6 connected via hydrogen bonds to β-strand 4 including H59. Therefore, the WW domain is tightly bound to the PPIase domain in the closed conformation. On the other hand, for the open conformation, hydrogen bonds of I28(O)-G148(N), H157(Nδ)-H59(Nɛ) and H59(Nδ)-C113(Sγ) stabilized the orientation of WW domain ([Fig. 10c](#f10-16_452){ref-type="fig"}). In this conformation, however, T152 did not form a hydrogen bond with H157 and was slightly away from H157 because of steric hindrance ([Fig. 10c](#f10-16_452){ref-type="fig"}). Therefore, the WW domain is positioned slightly away from the PPIase domain in the open conformation.

[Figure 11a](#f11-16_452){ref-type="fig"} show a superposition of the eight segments corresponding to the sequences E51-E163 of the representative structures of wild-type and C113A groups. The phosphate binding loop (K63-S71) exhibited two conformations. Furthermore, a region of β-strand 6, turn and β-strand 7 (P149-H157) also revealed two conformations positively correlated with the phosphate binding loop. Here we found the closed and open conformation again. As similar to the region M1-Q66, the conformation corresponding to the third and fourth groups of wild-type was open, and another conformation was closed. We detected the identical hydrogen-bonding networks that caused a transition between the closed and open conformations. For the closed conformation, hydrogen bonds between G155(N)-T152(O), G155(O)-T152(N), T152(Oγ)-H157(Nδ), H157(Nɛ)-H59(Nδ) and H59(Nɛ)-S115(Oγ) stabilized the conformation of the sequence P149-H157 ([Fig. 11b](#f11-16_452){ref-type="fig"}). The hydrogen bond T152(Oγ)-H157(Nδ) was especially important in keeping the T152-G155 in the vicinity of the substrate binding pocket. Then, the phosphate binding loop may approach the pocket to bind the substrate. In contrast, for the open conformation, hydrogen bonding between G155(N)-T152(O), G155 (O)-T152(N), T152(Oγ)-H155(O), H157(Nδ)-H59(Nɛ) and H59(Nδ)-C113(Sγ), and a steric hindrance between T152 and H157 kept the conformation of the P149-H157 away from the substrate binding pocket ([Fig. 11c](#f11-16_452){ref-type="fig"}). As a result, the phosphate binding loop can leave from the pocket to release the substrate.

The transition between the closed and open conformations was caused by changes in the hydrogen-bonding network which began with the exchange of two hydrogen bonds between H59(Nɛ)-S115(Oγ) and H59(Nδ)-C113(Sγ). Furthermore, the exchange of the hydrogen bonds occurred simultaneously with the flip-flops of the imidazole ring of H59 ([Fig. 12a](#f12-16_452){ref-type="fig"}). Such flip-flops of H59 have been observed since 2014 \[[@b9-16_452]\]. Barman and Hamelberg reported that the protonation state of C113 mediated a dynamic hydrogen-bonding network in the active site of Pin1, involving the two adjacent histidines (H59 and H157) and several other residues (S115 and T152) \[[@b9-16_452]\]. They calculated the differences in free energy of the four states of the double histidine motif due to the change in protonation of Sγ of C113. They also showed that the flip-flops can occur even during the substrate-binding state. However, they did not investigate how the effect of the dynamic hydrogen bonding network around C113 extended outside of the substrate binding pocket. In the present study, even though the protonation of C113 did not change, the flip-flops occurred, suggesting that changes in protonation of C113 are not essential.

The flip-flop of H59 occurred in all groups but occurred more frequently in the first and second groups than in the third and fourth groups ([Fig. 12b](#f12-16_452){ref-type="fig"}). In total, it occurred 153 times in the simulation. This simulation suggests that the hydrogen bond between H59 and S115 is more stabilized in the closed conformation, and the hydrogen bond between H59 and C113 is more stabilized in the open conformation. The correlation between the flip-flop and the closed-open dynamic was calculated. The correlation coefficient between the flip-flop and the dynamics of phosphate binding loop was 0.78, whereas the coefficient between the flip-flop and the interdomain hinge dynamics was 0.69. The correlation coefficient between the dynamics of the phosphate binding loop and the interdomain hinge was also calculated to be 0.78. Although we cannot conclude that the flip-flop directly triggers closed-open dynamics, we can at least think that the flip-flop is correlated with closed-open dynamics. We consider that the flip-flop triggers closed-open dynamics indirectly via the hydrogen-bonding-network.

The flip-flop of H59 was transmitted via the structural change of T152 in two directions; one was the WW domain, the other was the phosphate binding loop. Since the loop is located at the active site, the mechanism by which conformational changes of H59 and T152 move the phosphate binding loop is relatively easy to understand as an allosteric mechanism. In contrast, an allosteric mechanism in the interdomain hinge between WW domain and PPIase domain was unexpected. In the previous studies, the correlation between the flip-flop of H59 and the interdomain hinge's dynamics was not analyzed because this interdomain hinge was thought to fluctuate independently. However, our correlation analysis clearly shows that the interdomain hinge motion is not independent. This result may give a new interpretation to an experimental report. The mutational effects of I28 and W34 on the PPIase activity were investigated by NMR; the reduced interdomain contact by a mutation I28A allosterically enhanced the PPIase activity, while the increased interdomain contact by a mutation W34A decreased the activity \[[@b24-16_452]\]. Although these effects were interpreted as interdomain perturbations, they may be transmitted to the active site via structural changes of T152.

In the mutant C113A, the exchange of the hydrogen bonds cannot occur because of loss of C113 which is essential to H59(Nδ)-C113(Sγ). As a result, the hydrogen bond H59(Nɛ)-S115(Oγ) stabilizes the conformation of H59 in the closed conformation. This could explain why the mutant C113A took only the closed conformation. According to Xu, N., *et al.* (2014), the mutation C113D stabilized the hydrogen bond between H59 and the 113^th^ amino acid residue (D113) more than that in wild-type Pin1 and the backbone structure of its phosphate binding loop changed to the position away from the substrate binding pocket \[[@b10-16_452]\]. This report is consistent with the results of our MD simulations, suggesting that the open conformation requires the hydrogen bond H59(Nδ)-C113(Sγ). As the mutant C113D reduced the PPIase activity of Pin1, however, the balance between the closed and open conformations may be important for enzyme activity.

Is the flip-flop of H59 and the closed-open dynamics the intrinsic behavior of Pin1 or an accidental rare event? As mentioned above, the flip-flop of H59 occurred 153 times. One of the orientations lasted 104,700 ps at maximum as shown in [Figure 12b](#f12-16_452){ref-type="fig"}. On the other hand, the exchange between the closed and open conformations occurred at least 17 and 13 times for the interdomain hinge and the phosphate binding loop, respectively ([Fig. 12b](#f12-16_452){ref-type="fig"}). One of the conformations lasted 161,510 ps and 135,050 ps at maximum for the interdomain hinge and the phosphate binding loop, respectively. The duration of our MD simulation is only 500 ns. This time is much shorter than Pin1's functional time scale. Therefore, the events observed here must occur much frequently in the real world. Judging from these results, the observed behavior is presumed to be intrinsic to Pin1.

The open conformation of Pin1 is not registered in PDB. One of the reasons may be the problem of crystal contact. Looking at the symmetric molecules in the crystal structure, it was found that the phosphate binding loop was in contact with the symmetric molecules in the closed conformation (data not shown). It is likely that changes in crystal contact would be necessary to allow the loop to adopt its open conformation in the crystal.

In this study, we dealt with a mutant Pin1 as the wild-type protein because only this mutant showed an intact full-length structure. The present results are at least true for this mutant, even if not for wild-type and other mutant proteins. In this study, no direct or indirect interaction between C/A113 and the mutational residues was observed, suggesting that the mutations did not affect the present results. Therefore, we consider that the results obtained with our mutant are true for the real wild-type Pin1.

Conclusions
===========

Our long MD simulations clearly elucidated why the mutation C113A dramatically reduced PPIase activity. We also revealed that the closed-open dynamics of the phosphate binding loop and the interdomain hinge are essential for activity. However, it is still unclear how Pin1 isomerizes the substrate. Further investigation is needed to unravel this fundamental problem.
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![Initial structure for the MD simulation of wild-type Pin1. To obtain the full-length structure of the protein, the hinge region was mutated as G44E/G45N/K46L/N47Y/G48F. The whole residues of this protein (blue) were clearly determined by X-ray crystallography. Its structure was quite similar to the known wild-type structure (PDB ID: 1PIN; magenta) where M1-E5 and N40-G44 were missing: the RMSD between both structures was only 0.71 Å for 153 Cα atoms of the corresponding amino acid residues (K6-G39 and G45-E163). The WW domain (M1-G39), hinge region (N40-Q49), and PPIase domain (G50-E163) are indicated by dashed circles. The substrate binding pocket (L60, L61, M130, Q131, I156 and I159) are shown as a cyan circle.](16_452f1){#f1-16_452}

![RMSD for all Cα atoms of each snapshot from the first structure. The averaged RMSDs for all Cα atoms were 3.86 and 2.93 Å for the wild-type (red) and C113A (blue) trajectories, respectively. These RMSDs suggest that wild-type protein was more fluctuating than the C113A mutant.](16_452f2){#f2-16_452}

![Cumulative percentage of the PCA modes for the wild-type (red) and C113A (blue). The first eigenvector extremely characterizes the dynamics of wild-type Pin1. On the other hand, the mutant C113A requires more eigenvectors than wild-type Pin1 to characterize its dynamics.](16_452f3){#f3-16_452}

![PCA of the wild-type trajectory. (a) Projection of the wild-type trajectory onto the first 2 eigenvectors. (b) The density map in which logarithmic number of the snapshots at each grid (0.1 nm×0.1 nm) in the projection map was represented by color; the smaller the number, the bluer the color. (c) The distribution of snapshots which was divided into 4 groups. The representative structure was chosen for each group; the snapshots of 49,380 ps, 148,880 ps, 255,100 ps, and 441,670 ps were chosen for the first (solid triangle), second (solid diamond), third (solid circle), and fourth (solid square) groups, respectively. (d) Transition between 4 groups during the simulation. (e) Superposition of the representative structures of the groups. Magenta, yellow, green and cyan stand for the first, second, third and fourth group, respectively.](16_452f4){#f4-16_452}

![Composite RMSD maps of the wild-type groups, which show RMSDs for Cα atoms (upper left triangle) and all heavy atoms (lower right triangle) for 13,366 segments with all combinations of starting and ending points. Blue squares or triangles represent regions with structural segments common to each of the two groups represented by the snapshot. The third and fourth groups are similar, but very different from both of the first and second groups, while the first and second groups are slightly different from each other.](16_452f5){#f5-16_452}

![PCA of the C113A trajectory. (a) Projection of the C113A trajectory onto the first 2 eigenvectors. (b) The density map in which logarithmic number of the snapshots at each grid (0.1 nm×0.1 nm) in the projection map was represented by color; the smaller the number, the bluer the color. (c) The distribution of snapshots which was divided into 4 groups. The representative structure was chosen for each group; the snapshots of 47,670 ps, 449,530 ps, 351,880 ps, and 343,660 ps were chosen for the first (solid triangle), second (solid diamond), third (solid circle), and fourth (solid square) groups, respectively. (d) Transition between 4 groups during the simulation. (e) Superposition of the representative structures of the groups. Orange, white, slate blue and wheat stand for the first, second, third and fourth group, respectively.](16_452f6){#f6-16_452}

![Composite RMSD maps of the C113A groups, which calculated RMSDs of Cα atoms (upper left triangle) and all heavy atoms (lower right triangle) for 13,366 segments with all combinations of starting and ending points. Blue squares or triangles represent regions with structural segments common to each of the two groups represented by the snapshot. The second, third and fourth groups are very similar, but slightly different from the first group.](16_452f7){#f7-16_452}

![Composite RMSD maps between wild-type and C113A trajectories, which calculated RMSDs of Cα atoms and all heavy atoms for 13,366 segments with all combinations of starting and ending points. Blue squares or triangles represent regions with structural segments common to each of the two groups represented by the snapshot. All the groups of C113A are similar to the first and second groups of wild-type, but very different from the third and fourth groups of wild-type.](16_452f8){#f8-16_452}

![PCA of the whole snapshots consisting of wild-type and C113A trajectories. Projection of the wild-type (red) and C113A (blue) trajectory onto the first 2 eigenvectors. PCA was applied for the region (a) 1--163, (b) 1--66, or (c) 51--163. The representative structures for the first (solid triangles), second (solid diamonds), third (solid circles), and fourth (solid squares) groups, which were shown [Figure 4c](#f4-16_452){ref-type="fig"} (green) and [Figure 6c](#f6-16_452){ref-type="fig"} (yellow), were plotted on the projections.](16_452f9){#f9-16_452}

![Conformations of the segment corresponding to the sequence M1-Q66. (a) Superposition of the eight segments aligned from M1 to S42. Magenta, yellow, green and cyan stand for the first, second, third and fourth group of wild-type, respectively. Orange, white, slate blue and wheat stand for the first, second, third and fourth group, respectively. (b) Hydrogen-bonding network in the closed conformation of the fourth group of C113A. Hydrogen bonds of T29(O)-G148(N), T152(Oγ)-H157(Nδ), H157(Nɛ)-H59(Nδ) and H59(Nɛ)-S115(Oγ) stabilized the orientation of WW domain. (c) Hydrogen-bonding network in the open conformation of the third group of wild-type. Hydrogen bonds of I28(O)-G148(N), H157(Nδ)-H59(Nɛ) and H59(Nδ)-C113(Sγ) stabilized the orientation of WW domain. Inset shows the view angle.](16_452f10){#f10-16_452}

![Conformations of the segment corresponding to the sequence E51-E163. (a) Superposition of the eight segments aligned from E51 to Q66. Magenta, yellow, green and cyan stand for the first, second, third and fourth group of wild-type, respectively. Orange, white, slate blue and wheat stand for the first, second, third and fourth group, respectively. (b) Hydrogen-bonding network in the closed conformation of the fourth group of C113A. Hydrogen bonds of G155(N)-T152(O), G155(O)-T152(N), T152(Oγ)-H157(Nδ), H157(Nɛ)-H59(Nδ) and H59(Nɛ)-S115(Oγ) stabilized the conformation of the sequence P149-H157. (c) Hydrogen-bonding network in the open conformation of the third group of wild-type. Hydrogen bonds of G155(N)-T152(O), G155 (O)-T152(N), T152(Oγ)-H155(O), H157(Nδ)-H59(Nɛ) and H59(Nδ)-C113(Sγ), and a steric hindrance between T152 and H157 kept the conformation of the sequence P149-H157 away from the substrate binding pocket. Inset shows the view angle.](16_452f11){#f11-16_452}

![Flip-flop of H59 by exchanging of hydrogen bonds. (a) The transition between the closed and open conformations was caused by changing the hydrogen-bonding network which began with the exchange of two hydrogen bonds between H59(Nɛ)-S115(Oγ) and H59(Nδ)-C113(Sγ). The left and right figures were extracted from the open conformation of the third group of wild-type and the closed conformation of the second group of wild-type, respectively. Inset shows the view angle. (b) The transition between the closed and open conformations of the interdomain hinge and the phosphate binding loop, and the flip-flop of H59 during the simulation. The labels "C113" and "S115" in the panel "Flip-flop of H59" stand the hydrogen bond formation of H59(Nδ)-C113(Sγ) and H59(Nɛ)-S115(Oγ), respectively.](16_452f12){#f12-16_452}
